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Fig. (1). Peptidases genome content.
The number of genes identified and/or predicted following complete genome sequencing is plotted against the number of peptidases identified and listed in the MEROPS databank [4] (accessible through http://www.Merops.co.uk website). At this stage, it can be readily appreciated that the vast majority of completely sequenced genomes correspond to those from archaebacteria, bacteria and simple eukaryotic organisms (see text).
There are a variety of ways in which peptidase activity can be regulated in either a positive and/or negative manner including (i) the synthesis of specific inhibitors that provide a virtual fail-safe mechanisms terminating peptidase action; (ii) the influence of microenvironments which allow peptidases to act in discrete and unique locations; (iii) substrate and/or product inhibition especially in the case of metabolic enzymes; (iv) the regulation of gene expression enabling spatio-temporal regulation of activity; (v) cascade regulation is well known in blood coagulation and fibrinolysis and; (vi) the activation of zymogens, the nascent inactive state of peptidases following their synthesis. None of these mechanisms is exclusive; more often than not, multiple mechanisms are used in order to control peptidase activities. In contrast to endocrine functions, for example, where the action of an hormone is restricted in time (i.e under the control of appropriate stimuli) and space (i.e through interaction with a given receptor), a peptidase, once expressed and activated, will lead to irreversible modification of its target substrates. Despite the built-in specificity of numerous peptidases, this in itself is not sufficient to prevent collateral damage from their actions in undesired locations on unitended susbtrates. Thus, highly diversified groups of molecules known as inhibitors have evolved in order to reversibly or irreversibly inactivate the peptidases before they cause deleterial effects. This group of molecules has generated and continues to generate a lot of attention since they can be seen as the final solution to stopping in a specific and potent manner peptidase activity. As it is assumed that, in the human genome, these molecules are present at a 1:10 ratio compared to peptidases; hence 70 to 110 genes encoding peptidase inhibitors should be present [5] . Understanding how these endogenous inhibitors function will hopefully pave the way to the development of specific and potent non-peptidic inhibitors (the use of peptides or proteins as therapeutic agents is often compromised by their bioavailability, cost, instability and pharmacological properties). It is the purpose of this review to illustrate that, within the structure of zymogens, lies information which could lead to the development of peptidase inhibitors.
There exist in the literature numerous reviews, some of them referred to in the following paragraphs, dealing with peptidase inhibition and/or focused on each one of the mechanisms described above. This review is not meant to be exhaustive and the author immediately apologizes for the omission of scientists and laboratories who have actively pursued research in this area. For an in depth exquisite molecular detailing of zymogen activation, the reader must consult the review by Khan and James who have expertly recollected and documented data pertinent to zymogen activation [6] . This review will survey novel zymogen structures determined since 1997 and on zymogen or peptidase families for which structural data is still very limited or absent. discuss below) preceding the catalytic unit. Some general properties and characteristics of the proregion can be defined.
I. PROREGION SEQUENCES: WHAT ARE THEY AND WHAT ARE THEIR FUNCTIONS?

I.1. Proregions are Localized at the N-Terminus of Zymogens
In order to prevent any undue activation of the zymogen, it is logical to consider that synthesis of the proregion precedes that of the catalytic unit thus explaining its position at the N-terminus often right after the signal peptide in the case of secreted peptidases. However, in human protective protein, a serine carboxypeptidase, an activation segment is present within the catalytic domain. Though not located to block the already preformed active site, its removal is necessary to confer activity though postulated conformational changes [16] . Similarly, proregions can be found at the Cterminus of Thermus aquaticus aqualysin I [17, 18] , Neisseria gonorrhoeae IgA protease [19] and Serratai marcescens SSP protease [20] where they play an important role in extracellular protein secretion. Hence, for example with aqualysin I, the C-terminal proregion acts in concert with the N-terminal proregion responsible for proper folding and inhibition properties. A similarly located C-terminal proregion, though possessing none of the properties of the Nterminal proregion was located in a bacterial zinc aminopeptidase but as yet its role remains undetermined [21] . Interestingly, as we shall see, the primary structure of proregions even within endopeptidase families appears ill conserved, though based on crystallographic studies the general fold is.
Numerous proteins, apart from peptidases, are synthesized as inactive zymogens that must be activated prior to being able to express their full biological activities. The most frequent mechanism of activation, as it leads to irreversible action, is post-translational cleavage of peptide bond(s) within the zymogen molecule. In most cases, either these cleavages which can be intramolecular or intermolecular, are catalysed either by peptidases acting on themselves (autocatalytic) or by activating partners. In recent years, four types of autocatalytic activation leading to N → O or N → S acyl rearrangements have been described (reviewed in [7, 8] ). Examples of these include protein splicing, the autoactivation of glycosylaspariginase, hedgehog proteins and pyruvoyl-dependant enzymes. It has been further proposed that such acyl rearrangements might be more common than hitherto recognized and can represent a pathway for autoproteolysis to occur [8] . Actually, inteinmediated protein ligation represents a novel tool for protein synthesis and expression [9] . In the absence of these peptide bond rearrangements, the most common mechanism of peptide bond cleavages is the release of the active moiety through the catalysed addition of a water molecule in a uni and/or bimolecular mode. Indeed, although aspartic and zincmetallopeptidases lack covalent intermediate present in the case of serine and thiol peptidases, all cleavages by these peptidases require the formation of a tetrahedral intermediate [10] . Hence, it was originally considered that proregions 21 only function to suppress enzymatic activity by masking the catalytic machinery and thus preventing formation of the catalytic intermediate. Based on earlier studies on crystallised forms of hydrolytic digestive enzymes such as pepsinogen, chymotrypsinogen and trypsinogen, it certainly appeared to be the case. For example, Freer et al. [11] have shown that, in the structure of chymotrypsinogen, which is 10 7 times less active than chymotrypsin, all the catalytic machinery is present but the specific binding site is disordered and not accessible. Subsequent studies have shown that the most common albeit not the only one, mode of action of proregions is to sterically occlude the binding sites and this in all classes of peptidases. Indeed, aside from signal peptidases (reviewed in [12, 13] ) which cannot be classified in any of the known peptidases families but whose activity is highly dependent on phospholipid moieties and from viral peptidases [14] though in the latter case, being inscribed in a polyprotein precursor, part of which could maybe play a role of a proregion prior to self-cleavage, all known cellular or bacterial peptidases are synthesized as zymogens. Hence, peptidases require prior to being active removal of the proregions which can range from as little as a few residues (two in the case of granzyme B [15] to up to multidomain structures (in the case of caspases as we shall
I.2. Proregion Intramolecular Chaperone Properties can be Independent of their Inhibition Properties
The role of proregions in assisting peptidases to gain their final active three-dimensional structure has been heavily documented as well as the way they can accomplish this feat. In a recent review article [22], Shinde and Inouye have classified proregions in two types namely type I which is defined by the ability of proregions to elicit folding of their cognate peptidases (intramolecular chaperone or IMC) and type II whereby the proregions are associated with other functions. Here, it is easier to list the enzymes shown not to require their proregions to fold properly. Hence, these enzymes include, for example, those whose proregions are too short such as trypsin, chymotrypsin or elastase [23] , viral peptidases such as HIV-1 [24] known to fold independantly of their polyprotein precursor and the aspartic peptidase renin [25] . Furthermore, there exist peptidases for which no role of the proregion is known and hence this prevents their classification as type I or II. For example, carboxypeptidase E (CPE) is first synthesized as a precursor containing a 14 residues extension at the N-terminus [26], a sequence completely conserved between human, rat and mouse but conspicuously absent in anglerfish CPE [27] . However, no role in inhibition as bovine proCPE is active [28] , in expression of human and rat CPE [29, 30] and/or intracellular routeing of the protein [31] could be precisely defined. This is quite striking since the role of proregions in carboxypeptidases A and B, enzymes belonging to the same 2 The term proregion will be used in this article and is equivalent to other names such as propeptide, prosequence, actvation peptide, activation sequence and propart.
Fig. (2). Unimolecular mode of activation of prosubtilisin.
A scheme describing the activation of prosubtilisin based on both functional and structural studies is depicted [119] . Salient features of this model, many of them applicable to numerous peptidases, correspond to (i) initiation of the activation through an initial cleavage of the proregion in an autocatalytic manner, (ii) induced conformational change resulting in the movement of the peptidase Nterminal region towards a Ca ++ -binding site resulting in enhanced stability of the peptidase, (iii) secondary cleavage within an accessible site in the proregion resulting in the degadation of the proregion and in the loosening of the interactions between the rporegion and the peptidase and (iv) complete dissociation of the proregion-peptidase complex yielding a fully stable and active enzyme.
family as CPE, is well established and their removal necessary for the enzymes to be active [31] . metalloprotease) families are well documented; this relies on the conservation of a cysteine residue in the proregion which is able to coordinate the active site Zinc ion [39, 40] . Regardless of the mechanism, it is therefore not surprising that numerous proregions acting as IMC are also potent endogenous inhibitors. Indeed, even after being cleaved, these proregions remain tightly associated with the enzyme forming a 1:1 inhibitor enzyme complex as illustrated for the subtilisin-prosubtilisin complex in Fig (2) and (3). In this case, in order to fully activate the peptidase, further degradation of the proregion may be mandatory. Here, it can be seen readily that the proregion is able to interact directly with at least two regions of the subtilisin namely the one encompassing the active site and an exposed region of the catlytic domain made up by two parallel helices of the enzyme interacting with a sheet structure of the proregion. Often, as we shall discuss later, this close fitting leads to strong and exquisitely specific binding (experimentally determined in vitro K i values are often in the nM to pM range). This, in effect, also explains why following the first cleavage of the proregion in the active site further cleavages elsewhere within the proregion are necessary if not obligatory to release the active enzyme as shown in Fig (2) . However, in the case of subtilisin E, the two functions are not absolutely linked [41] . Even the mode of functioning in two closely related enzymes such as subtilisin E and aqualysin I can also be different. The aqualysin I proregion is able by itself to fold spontaneously into a stable and a well defined conformation in the absence of the cognate enzyme, a characteristic not shared with the subtilisin E proregion which does not exhibit a discernible conformation in the absence of subtilisin E. Interestingly, the proaqualysin I proregion can also support refolding of subtilisin E albeit at a much lower efficiency though its inhibiting potential is ten times better than the cognate prosubtilisin E region [42] . Finally, the introduction of point mutations in the peptidaseproregion subtilisin E interface do not alter the folding capacity of the proregion but seriously compromises its Intramolecular chaperones can act directly to catalyse folding from a molten globule state to a fully folded state by lowering the energy barrier between the two states and/or by stabilizing of a rate-limiting folding intermediate. This has been demonstrated through the study of refolding in vitro of denatured subtilisin upon addition of the proregion in trans 3 2 [32, 33] . In the case of α-lytic protease, the control of refolding is under kinetic control as the proregion helps in stabilizing a folding intermediate between two lower energy states [34] [35] [36] . Furthermore, studies of IMC have led to the concept of "protein memory" [37] whereby a mutation in the proregion is imprinted in the structure of the cognate peptidase. This important role of the proregion implies that there exists an intimate structural relationships charcaterized by numerous non-covalent interactions localized at the peptidase-proregion interface. In essence, these interactions are no different than those observed at the interface between the catalytic domain and substrate or inhibitor binding. However, this is not an exclusive rule as contacts between proregion and peptidase can sometimes rely on covalent and/or coordination bonds. In the case of the former, a crystal structure of procathepsin X has shown that there exists between the active site Cys residue and a Cys residue in the proregion a reversible covalent bond; the existence of such a bond diminishes greatly the reliance of secondary interactions between the proregion and the cognate enzyme partly explaining why this proregion is so short (38 residues) compared to those of other cathepsins [38] . In the case of the latter, the existence of a cysteine switch in the case of members of the ADAM (a disintegrin and metalloproteinase domain) and MMP (matrix 3 Cis activity is used to refer to the presence of the proregion within the polypeptide section of the zymogen whereas trans activity refers to the activity of the proregion added as a separate entity.
Fig. (3). The prosubtilisin-subtilisin complex.
The space-filling structure of the prosubtilisin-subtilisin complex based on the X-ray crystallographic data [119] . The mature subtilisin is colored whereas the interacting prosubtilisin is uniformly labeled in green. Such a close interaction is seen to occur in numerous peptidases and this, irrespective of their classes though the molecular interactions as well as the inhibition mechanisms can be widely different. In this model, Two interacting regions can be clearly defined namely (i) the proregion C-terminal chain is seen to enter deeply into the active site region thus enabling its interaction with residues in the substrate binding site and (ii) the shared interface between the proregion and the peptidase can be seen in the lower right of the figure. Data accessible through the Brookhaven Databank (identifier 1SPB) were manipulated using the Hyperchem V4.0 software. For the sake of clirity, all hydrogen atoms and water molecules were removed: carbon atoms are in light blue, nitrogen atoms in dark blue, sulfur atoms in yellow and oxygen atoms in red.
ability to inhibit the enzyme when added in trans [41] . Based on these examples, it can be seen that potent inhibitors of peptidases cannot be taken as evidence that they will function as intramolcular chaperones and vice versa.
delivery represent questionable issues. Hence, in this context, it is not surprising that our increased understanding of proregions have led scientists to examine the usefulness of proregions or fragments thereof in terms of inhibitors. It was shown, for example, that synthetic propeptides could inhibit Manduca sexta midgut trypsin [48] and hence could be used as pest controls. Similarly, due to the implications of the cathepsin faimily in numerous pathological states, much efforts have been devoted to using proregions as inhibitors. Indeed, it was shown that the proregions of cathepsin B, K, L and S are very potent (K i s of 0.4, 2.6, 0.09 and 0.27 nM respectively [49] [50] [51] [52] ). Furthermore, this inhibition is often pH dependant and sensitive to the presence of polysaccharides. In the case of cathepsins and more generally of peptidases active in acidic environments, it is of paramount importance that the interactions between the proregion and the peptidases be maintained from the site of synthesis in near neutral conditions up to where they are activated in an acid media. Hence, a common feature of proregions of these peptidases is to stabilize the cognate protease structure by forming salt bridges. Comparison of the various recombinantly produced proregions from cathepsin K, L and S demonstrates that some selectivity can be achieved upon addition of proregions in trans to their parent
I.3. Proregions can be a Source of Potent Smaller Inhibitors Displaying Enhanced Selectivities
One of the central problems in designing potent therapeutically active inhibitors is to confer selectivity to these molecules. Indeed, in many cases, members of a given family will display overlapping specificities especially when they are studied in vitro. Hence, the modeling of substrate structures can at times leads to great difficulties in designing selective inhibitors. Examples can be found in the recent proprotein convertases (PC, discussed below) and in the rapidly expanding family of cathepsins. In the latter case, there exist some natural inhibitors such as cystatins [43, 44] but these are too large to be of clinical or industrial value. Similarly in the case of the proprotein convertases, engineering of α 1 -antitrypsin [45] , alpha-2 macroglobulin [46] or ovomucoid [47] inhibitors could potentially lead to increasingly specific inhibitors but their size and way of enzymes and that they show little inhibition of cathepsin B and papain [53] . Interestingly, it is worth mentioning that proteins, completely unrelated to the previously mentioned endogenous inhibitor cystatins, isolated from Bombyx mori designated as BCPI α and β [54, 55] as well as from murine T-lymphocytes and mast cells designated CTLA-2 α and β [56] were shown to display significant sequence similarities to proregion sequences of members of the cathepsin family. In the case of the Bombyx proteins, these were shown to inhibit papain, cathepsin B and L. Synthetic fragments encompassing shorter sequences than full proregions were also shown to display interesting properties in terms of inhibition and selectivity. These studies demonstrated at least for cathepsins B and D that the full proregion is not necessary and that fragments thereof could be used either to inhibit cathepsin B [57] or purify cathepsin D [58] . Recombinantly expressed papaya proteinase IV proregion (a plant enzyme) could not only inhibit cysteine peptidases of papaya but also those present in the digestive tract of insects, in this case the Colorado potato beetle, pointing to possible uses of proregion as pest controls [59] . Finally, potent hexa and pentapeptides containing the Cys residue known to be present in the proregion of MMPs, stromelysin or MMP-3, have been shown to be potent inhibitors of the parent enzyme but also of procollagenase or MMP-1 [60] . procaspase 1, 2, 4, 5, 9 and 13 [67] . For example, caspase-8 is interacting with the adaptor protein FADD through its prodomain and ultimately to the Fas/APO-1/CD95 death complex [68, 69] whereas caspase-9 is interacting with Apaf-1 in a similar manner [70] . In this context, the proregion is also responsible for ultimately targeting caspase-2 to a nuclear location [71] . The other procaspases namely 3,6 and 7, termed executioner caspases, do not contain these domains. Another function of proregions is to favor pHdependant association of propeptidases to membranes and thus provide sorting signals as in the case of procathepsins D and L. Both of these procathepsins are known to bind to membranes at pH 5.0 but not the active proteases [72] . In the case of procathepsin L, a nine residue sequence within the proregion was found responsible for this binding [73] . However, in the case of procathepsin G, it was shown that the proform is not important for sorting to granules but served mainly to maintain the enzyme in an inactive form during intracellular transport [74] . It was also proposed in the case of prorenin that the presence of protease cleavage sites in the proregion is enough to direct the enzyme in the regulated pathway [75] . Finally, the proregion of the ATPdependant PIM1 protease is absolutely essential for targeting this protease to its ultimate site of action, namely the mitochondria [76] . Activation of this protease is actually rather unique since once located in the mitochondria, a mithochondrial processing enzyme removes the N-terminal 37 residues containing the targeting signal but leaving the protease with a 61 residues N-terminal extension which is ultimately cleaved off autocatalytically upon assembly of the protease subunits into an homo-oligomeric complex.
I.4. Proregions can Exhibit Diverse Properties other than their Refolding or Inhibiting Properties
Though other roles of proregions have been described and in certain cases documented, this demonstration is far more difficult to achieve. Indeed, considering that one of the main and more frequently encountered roles is in helping its parent peptidase to fold correctly and hence achieve a stable functional structure, one is frequently confronted by a seminal question as to whether the effect observed is due to failure to fold properly or to exhibit a proregion specific property. Nevertheless, proregions have additional roles other than folding and/or inhibition and many examples have been described and some already mentioned. Indeed, we have mentioned the role of C-terminal located proregions in secretion into the yeast vacuolar space which was shown in the case of IgA protease, aqualysin, SSP protease but also Streptomyces griseus proteinase B and carboxypeptidase Y [17] [18] [19] [20] 61, 62] . Interestingly restoring this secretion can be accomplished by supplying the proregion in trans. Furthermore proper secretion of aqualysin in an eukaryote organism, Escherichia coli, also requires the C-terminal proregion [63] . In the lesser known family of peptidases present in the eukaryotic 20S proteasome (see below), the presence of the proregion are essential for the assembly i.e. oligomerization of the various subunits into the full particle [64, 65] and addition of the proper proregion in trans can be as efficient as when present in cis [65] . However, assembly and full activity of the 20S proteasome in Thermoplasma acidophilum, an archaea-bacteria, do not require the presence of the proregions [66] . Proregions of certain caspases (cysteine-dependant aspartate specific protease) contain specific regions involved in protein-protein interactions of great importance in activation of the procaspases. These are the death effector domain (DED) present in procaspase 8 and 10 and the caspase recruitment domain (CARD) present in As we have seen in this brief summary, it is rather difficult to generate a unifying hypothesis concerning the nature and the role of proregions as they exhibit inter or intra family diverse structures, diverse properties and finally diverse roles. Furthermore, though it appeared that in certain cases they might be dispensable, it is more than likely that a function has yet to be defined or ascertained. We shall briefly see in the next section how proregions interact in molecular terms with their partners.
II. ZYMOGEN STRUCTURE DETERMINATION, WHAT MORE HAVE WE LEARNED?
More than any other experimental technique, X-ray crystallography has contributed to our present understanding of zymogen activation. Not only was this technique able to describe in atomic terms the importance and role of active site residues but also to describe how inhibitors, small and large, are able to interact with them. The contribution of this approach cannot be minimized and has proven essential in our understanding of the intimate relation of proregions with their cognate enzymes. As much information has already been described in a very detailed review article together with an in-depth description of molecular detailing [6] , this section will focus on structures determined since 1997 and especially on novel information derived therein. Already, a representative of each recognized classes of peptidases was available in the latter review, the recent years have led to new members and/or members of new families (Table 1 ). These will be briefly described in the following paragraphs. 3. The proenzyme structure determined contains 3 nonessential mutations (M585Q, V673M and M788L) and represents the complex formed with streptokinase. 4. The crystal structure of the Ser221Cys mutant corresponds to a non-covalent complex between the proregion and the cognate enzyme. 5. Though this structure represents an activated form of the enzyme, this form exhibits a zymogen-like dormant state (see text).
II.1. Cysteine Peptidases
activate themselves in an autocatalytic manner as shown for cathepsins B [101] , procathepsin S [101] and procathepsin L [102] and require an acidic pH well in agreement with their cellular localization. However, in other cases, activation appears to be mediated by other peptidases such as pepsins, elastase, cathepsin D. Accordingly, it was recently shown that procathepsin C (dipeptidyl peptidase I) is unable to autoactivate and absolutely requires for this process the presence of cathepsin L and to a lesser extent cathepsin S [103] . The two novel structures recently determined bring about two unprecedented findings namely (i) as above mentioned, in procathepsin X, the presence of a covalent bond between the proregion and the Cys in the active site [38] and (ii) disruption of the position of the catalytic essential His residue by a loop inserted in the active site in proStreptopain [81] . The latter observation is interesting as this enzyme is clearly related to papain albeit in a remote manner and should thus possess like members of this family an already preformed active site. However, movement of residues elsewhere than in the active site but present in the occluding loop following removal of the proregion had been previously described in the case of procathepsin B for example [104] . Finally crystal structures of Cys peptidases have permitted to define in addition to the substrate binding site, two other sites of major interactions which might eventually be used to render synthetic inhibitors more From the previous review, structures of procathepsins B and L as well as procaricain were known and this already provided a lot of information for this quickly expanding family which now comprises 11 members in the human namely B, H, L, S, C, K, O, F, V, X and W [98] . Proregion structural analyses provided further division of this family into two namely (i) those resembling cathepsin L which contain prodomain in excess of 100 residues to which the classical Cys peptidase papain belongs and (ii) those resembling cathepsin-B which contain a proregion of ca. 60 residues. It can be readily appreciated that proregions from the various members exhibit very low sequence similarity though two motifs can be identified, the first one labeled ERF(W)NIN is present only in cathepsin-L like enzymes and the second one is GNFD. However, they are all structurally similar sharing common fold and functions. Hence, part of the proregion is shown to cover the substrate binding cleft but in a reverse direction than a peptidyl substrate. This places a normally scissile bond in an unfavorable position with respect to the active site residues [99] . Hence since positioning of the peptide chain prevents intramolecular cleavage, it is not surprising that activation of cathepsin proceeds in an intermolecular fashion as was shown for cathepsin-B [100] . In most cases, Cys peptidases selective. These include the occluding-loop crevice and even more interestingly the proregion binding loop especially since as mentioned [104] , it offers a large, exposed and partly hydrophobic surface. An interesting proposition is thus to use this secondary site to improve binding and/or augment the specificity of an inhibitor in a manner reminiscent of the interaction of thrombin and hirudin [105] . Two issues as yet unresolved appear to be whether proregions on their own can fold into a stable structure and how they help in Cys peptidases folding.
This feature is not in line with the fact that in many peptidases, and this irrespective of the class they belong to, active site are already formed but seen before in the case of chymotrypsin-like enzymes. In this case, instead of shielding the active site, the role of the proregion is basically to keep the active site Asp residues away from each other thus preventing them from being operational [112] . Even more intriguing is the case of prophytepsin which possess a preformed active site like the other Asp peptidases but here, it is shielded from the substrate not by the proregion but by residues belonging to the catalytic chain. Activation by removal of the proregion reverses the positioning of the residues enabling the active site to be freely accessible [112] .
II.2. Aspartic Peptidases
Despite the varied functions and their distribution in all phyla from viruses to humans, much of our knowledge concerning this class of peptidases concern those found in the digestive tract. Indeed, till 1997, crystal structures of pepsinogen (probably the oldest zymogen known) from human and porcine species as well as of progastricsin were known [6] . Further understanding came about by the success encountered in determining the structure of a processing intermediate corresponding to a non-covalent complex of a partially cleaved proregion [84, 106] . By unraveling such a structure, it is now possible to look more closely at a peptidase on its way to become active as compared to the initial and final pictures available so far with most propeptidases and peptidases. This ''frozen in time'' picture allowed confirmation of the activation pathway proposed so far for aspartic peptidases and revealed at what positions in the sequence of the proregion the first cleavage occurs. Thus, the positively charged proregion by interacting with the negatively charged catalytic region through a number of saltbridges is able to shield the active site from a substrate hence keeping in an inactive form. Following transfer to a low pH environment helping in loosening the salt bridges, the proregion is cleaved autocatalytically following a series of cleavages through various intermediates. The activation pathway described for progastricsin contains features which are proposed to be applicable to members of the Asp peptidases and has been detailed in numerous recent reviews [107] [108] [109] . However, some variations pertaining to the direct (removal of the proregion in a single cleavage) or sequential pathway (removal of proregions through multiple cleavages) are known to occur in various species or depending upon the concentration of enzymes [109] . Similarly, though a crystal structure is not available, activation of procathepsin E is proposed to follow an identical route to pepsinogen or gastricsin. However, a different structural motif due to a changes in salt bridges being formed between the proregion and enzyme is proposed to interact with the active site [110] . In a way unexpected, two novel structures are shedding new lights upon activation od Asp peptidases and these correspond to proplasmepsin, an enzyme found in the parasite Plasmodium falciparum whose role is to degrade hemoglobin [83] , and a plant peptidase, prophytepsin [82] . In the first case, proplasmepsin, the proregion is unusually long at 125 residues when compared to digestive tract proenzymes, contains a transmembrane segment instead of a signal peptide and requires for its removal the presence of an as yet unidentified acidic maturase [111] . Furthermore, it inactivates its cognate enzyme by preventing formation of the active site though accessible but not yet assembled correctly.
II.3. Serine Peptidases
This family is composed of a variety of peptidases and this diversity is also reflected in the manner used in terms of their activation. Indeed, numerous different mechanisms more or less related are known so far for these family members. The first one and also one of the earliest discovered involves a significant conformational change from the zymogen into the active form which results in the proper positioning of the catalytic machinery (active site residues and oxyanion hole). In this instance, the conformational change is brought about by cleavage of a peptide bond with ensuing repositioning of the chains involving for example the N-terminal segment which will stabilize the now active peptidase. This mode is used by chymotrypsin-like enzymes; it is worth noting that, under certain circumstances such as with chymotrypsinogen and proelastase 2, the proregion is retained through disulfide bridges in the structure of the active enzyme where it will impart a greater chemical stability of the peptidase without affecting its kinetic or folding properties [113] . The inactive state of the peptidase can be directly ascribed to the fact that the substrate binding cleft is not properly formed as seen in the many crystallographic structures available [6] .
The second mechanism has already been described in the preceding sections and includes the peptidases related to the bacterial subtilisin. As can be seen in Fig. (2,3) , it stems from the fact that the proregion interacts directly with a preformed active site thereby shielding it in a manner reminiscent to proregion interactions in Cys peptidases. In this case, however, it is the residues occupying the Cterminus of the proregion which are localized in the substrate binding cleft in a product-like manner; as a general rule, it can be said that activation will proceed through autoactivation and that the nature of the residues occupying the C-terminus of the proregion will correspond closely to the specificity of the cognate enzyme. This can be clearly seen in the structure of the α-lytic protease complexed with its proregion [35] . We and others have shown in the case of pairs of basic cleaving enzymes such as furin, PC1/3, PC2, PC7 and their yeast homologue kexin that the proregion Cterminal residues are responsible for the inhibition in trans and that removing them prevents the proregion mediated inhibition [114] [115] [116] [117] [118] . This is also clearly apparent in the prosubtilisin-BPN' structure (Fig. (3) [119] ) and even more so in the structure of the autoprocessed Ser221Cys-subtilisin E-propeptide complex [86] whereby the proregion C-terminal Tyr residue is seen to interact through hydrogen-bonding to the His64 and Ser221Cys which are part of the catalytic triad. However, the fact that in this Ser221Cys mutant (rendering the subtilisin E unable to further cleave the proregion), a stable complex can be isolated confirms two further properties of the subtilisin related proregions namely (i) they can behave as transient potent inhibitors and (ii) to fully activate the enzyme a secondary cleavage at an accessible site and possibly more is necessary in order to degrade the proregion and prevent further inhibition. In the case of subtilisin BPN', this secondary site was identified as a Glu residue occupying position 53 in the proregion and led to the proposal that "it might be possible to make mutant proteins from the propeptide which exhibit permanent inhibition of subtilisin" [120] .
Similarly, activation of human Factor VII is a very interesting refinement of this mode of inhibition as it requires for full activation the presence of an accessory protein namely tissue factor (TF). Indeed, conversion of fully inactive Factor VII into what one should expect would be activated Factor VIIa following an internal cleavage as in the case of trypsin-like enzymes, leads to generation of Factor VIIa which remains in a zymogen-like state i.e without catalytic acitivity until efficient binding to its natural regulator TF. The crystal structure of free Factor VIIa [88] following the one previously described of Factor VIIa in complex with TF [122] , allows one to better understand the drastic effect of TF binding upon the enzyme. The presence of a unique residue, Met306, as well as of an helix loop (307-312) are shown to exhibit widely different interactions in the two structures with consequences on substrate binding. One of the role of TF binding would be to stabilize this helix in a suitable position hence ensuring peptidase activity. It is our opinion that this type of refined regulation will become more common as knowledge advances in the unraveling of numerous peptidases involved in many pathways.
The third mechanism is highlighted by the structure of the proenzyme domain of plasminogen corresponding to the microplasminogen form which is devoid of the 5 kringle region repeats. This mechanism is related to the immature substrate binding cleft model observed in the chymotrypsinogen namely by the presence in microplasminogen of a distorted structure preventing formation of the oxyanion hole and leading to misplacement of the catalytic residues [85] . However, this inhibited state is further reinforced by the presence of a main chain residue (trp761) directly occupying the S1 4 3 subsite and hence totally preventing binding of a possible substrate. Thus, activation of plasminogen must proceed though concomitant conformational movements of three peptide loops in order to form the proper catalytic triad, the oxyanion hole as well as the S1 subsite.
II.4. Zinc-Metallopeptidases
Without going into details of exopeptidases activation, the newest addition of crystal structures in this group of enzymes correspond on one hand to a member of the matrix metallopeptidases, proMMP-2 or gelatinase A [91] , following the one of stromelysin 1 (MMP-3) [123] and on the other to the structure of zinc-dependent endopeptidase of one of nature's deadliest poison, Botulinum neurotoxins [92] [93] [94] 124] . The structure of proMMP-2 is revealing in the sense that it follows closely the one derived for MMP-3 namely that the proregion is shielding adequately the substrate binding cleft, that one of its peptide chain interacts closely with the active site Cys residue through coordination of the catalytically important Zinc atom and finally that the proregion offers efficient baits for activating proteases [123] .
However, it should be noted that the direction of the peptide chain in contact with the active site is in the reverse direction of that seen in complex of stromelysin with synthetic inhibitors [40] . Considering the high number (see below) of matrix metalloprotease family members, knowledge of the conservation of the activation mode of these two members should help in the understanding of the other members though, no doubt, more surprises are awaiting us.
A variation of this theme can be exemplified by the fact that in tissue-type plasminogen activator (t-PA), some catalytic activity of the single chain form (zymogen) is present when compared with the fully activated two-chains form; the reason for the difference in activity can be appreciated from the crystal structure of the single chain form where it can be seen that, unique to this molecule, a main chain residue (Lys156) is able to form a salt bridge with the active site Asp residue hence preventing but not totally enzymatic activity [89] . The structure of complement factor D can also be seen as related to this mode of inhibition as Factor D is activated through the classical internal cleavage mode but remains inactive in circulation despite the fact that it has lost its activation peptide and hence should be active. Full activation appears to be through the control of its natural substrate binding, its only one known so far the C3b-bound Factor B. In the crystal structure, it can be seen that until binding, Factor D is in a auto-inhibited form through the positioning of a main chain Arg residue (Arg218) which is able to form a salt bridge with an Asp residue (Asp189) leading to disordered conformations of the catalytic triad and a shielded S1 site [87] . Hence, conversion of profactor D is clearly a two steps process whereby removal of the activation peptide and internal cleavage leads to a dormant enzyme (self-inhibited) and subsequent to substrate binding, converts into the suitable catalytic site and S1 conformations.
Botulinum neurotoxins are made up of two subunits linked together through a disulfide bridge namely a heavy chain carrying the target recognition properties and the transfer properties of the toxic chain and a light chain representing the toxic moiety identified as a Zinc-dependent peptidase [124] . It has been shown that, though different neurotoxins will target different substrates, all of the targets belong to synaptic vesicle docking and fusion complex and are cleaved by the Zinc-peptidase encoded by the light chain. In both structures determined, it can be seen that the Nterminal part of the heavy chain is wrapped around the light chain and that the catalytic sites are deeply buried and hence not accessible. However, whereas in BoNT/A, the heavy chain sterically obstruct the active site, it is not the case in BoNT/B where the active site is accessible. In both cases though, the enzymes are rendered active through reduction of the disulfide bridge linking the heavy and light chain of the toxin, an event which happens following internalization of the toxin by the target cells. In BoNT/A, it appears that reduction of this disulfide bridge is enough to render the active site accessible and hence relieve the light chain from the close interactions with the heavy chain. However, in BoNT/B, since the active site is already accessible, it seems that reduction of the disulfide bond allows conformational changes in certain loop structures in the light chain brought about through either substrate binding and/or heavy/light chain separation.
The other novel structure listed relates to the germination protease (GPR) responsible for degrading small acid-soluble proteins which protect DNA prior to spore germination [97] . This peptidase is first synthesized as an enzymatically inactive homotetramer P(46), following sporulation P(46) is processed by removal of a strech of 7 to 16 amino acids into a smaller homotetrameric entity P(41) which is enzymatically active. The main problem presented by this protease is two-fold. Firstly the amino acid sequence lacks any relatedness to the sequences of other known peptidases and not surprisingly define a new peptidase fold and the enzymatic activity cannot be inhibited by known inhibitors. Secondly, as seen in the structure of the enzymatically inactive P(46) the amino terminal extension cleaved off upon generation of P (41) is barely, if at all, in contact with the rest of the protein hence raising a lot of unresolved questions surrounding their role in either stability and/or inactivity of the zymogen structure. Actually, before the crystal structure was made available, it was shown that most of the proregion sequence can be deleted without effect and that the free region did not inhibit the enzyme [127] . It thus appears like in the previously mentioned Factor VIIa, careful comparison of the X-ray generated structure of both P(46) and P(41) forms could lead to resolving the issue of activation of this enzyme. Thus, in a rare example, crystal structure has yielded a beautiful and novel structure but also has raised more questions than it can solved.
II.5. Other Peptidases
Amongst the novel structures listed in Table 1 , it is worth mentioning the fascinating image conveyed by the crsytal structure of the yeast 20S proteosome which, more than an enzymatic complex, represents truly an organelle. The 20S unit, itself part of the larger 26S proteasome, is composed of seven subunits which can be subdivided into two classes, α and β. Only three out of the 7 β-subunits (β1, β2 and β5 in the proteasome and interferon-γ induced β1i, β2i and βb5i in the immunoproteasome) are catalytically active peptidases [125] . These peptidases are not related to any of the 4 classical families and actually belong to the Nterminal nucleophilic hydrolase family which also include penicillin G amidase (PGA), glutamine PRPP amidotransferases, glycosylasparaginases (mentioned previously), conjugated bile acid hydrolases and penicillin V amidase (PVA) [126] . Nevertheless, this diverse group shares some features in common notably a unique protein fold and the fact that they all need to be activated in order to exhibit their hydrolase properties. This family, and most members therein, has been identified in the last few years. These hydrolases are characterized by the fact the active site nucleophile, be it Thr, Cys or Ser, is located at the extreme N-terminal position and must be uncovered through activation in order to be active. We have already mentioned (see above) the important role of the proregion (up to 75 residues) in targeting and in subunit oligomerization of the proteasome but this proregion is also crucial in the activation process both in the proteasome and in the immunoproteasome. This activation, once assembly is done, appears to take place in two steps, reminiscent of the steps described in the more classical peptidases, namely cleavages within the proregion sequences by neighboring active sites which are followed closely by autolytic uncovering of the Nterminal residue rendering the subunits active and competent. Finally, similarly to the role of the proregion in subtilisin-like peptidases, it has also been demonstrated that the proregions exhibit intramolecular chaperone properties in helping the peptidase to fold, this effect being specific to each subunit and being carried out through non-covalent interactions. Similarly to subtilisin-like peptidases, the chaperone function can also be carried out in trans and such an addition can rescue folding and assembly of proregion deleted β-subunits.
Crystallographic studies have contributed significantly to our understanding of peptidase activation, has provided in recent years novel mechanisms or structures and this, even in well established families, and no doubt will continue to be a major tool in analyzing peptidase functioning. However, in recent years as well as through our increasing knowledge of total genomes, there exist numerous emerging families and/or members which obviously do not have crystallographic counterparts. In the next section, we will briefly mention some of them.
III. EMERGING PEPTIDASE FAMILIES, NEW MEMBERS, NEW MODELS?
As mentioned in the introduction, there is no question that the present diversity in peptidases structure and function will expand considerably in future years. As a corollary, it can be envisioned that the role of proregions as well as the modes of activation of these peptidases, not to mention the discovery of new endogenous inhibitors, will follow suit. Already, there exist examples of emerging classes, like the aforementioned Nth-hydrolases, and new enzymes for which we do not as yet possess crystal structures to guide our understanding. In the next few paragraphs, we will briefly described some of them hoping that this presentation will convey to the reader hints of what will come in following years.
III.1. The Caspases: Funambulists on the Rope of Cell Proliferation and Cell Death
Since the discovery of capase-1, also known as interleukin-1β-converting enzyme [128, 129] , 10 new members have been identified and numbered accordingly in humans (reviewed in [67, 130] ) though this number might not be final. These enzymes belong to the Cys-peptidases family and demonstrate a strong preference for cleaving after Asp residues in a variety of substrates, indeed a unique preference in eukaryotic enzymes. As a group, they can be further divided in three namely, cytokine activators (caspase-1, 4, 5, 13), initiator caspases (caspase-2, 8, 9, 10) and executioner caspases (caspase-3, 6, 7) depending on their interactions with various proteins and each others and their localization in the pathway leading to cell death by apopotosis. Interestingly, to a certain extent this classification also defines the type of proregions within each as well as the mechanism by which they are activated. Indeed, as above mentioned, some of these possess unusually long proregions in excess of 200 residues (for example caspase-8) while others have relatively short sequences (for example, 22 residues for caspase-6). The longer proregions are now known to contain structures important for protein-protein interactions pivotal for transmitting signals through the presence of DED or CARD domains. Since it is not the purpose of this section to discuss the events leading to or upstream of the activation of caspases, we will refer the reader to numerous reviews [67, [130] [131] [132] [133] , suffice to say that fortunately, there exist many regulatory steps aiming at preventing undue activation of these entities. However, once a signal has been transduced, for exemple by binding of Fas at its receptor, then caspases will be activated through a two steps process identical for all namely removal of the proregions and internal cleavages of an activation sequence linking in the zymogen the heavy with the light subunits resulting in an heterodimeric enzyme. This process, in the case of the initiator caspases, is carried out by the enzymes themselves in a characteristic autocatalytic manner once they have formed the appropriate complexes. In contrast, executioner caspase such as caspase-3, 6 and 7 are activated through cleavages by initiator caspases and/or other enzymes in an hetero-activation manner. So far, though complex, activation mechanism do not seem to detract from what was presented in the other sections. However, there are some surprises with certain caspases rendering their activation quite a unique process. The first one concerns the fact that some caspases, even in their zymogen form, possess or exhibit considerable intrinsic enzyme activity as shown in the case of caspase-8 and -9. Evidently, such an activity would be detrimental to the life of cells and hence must be taken care of by endogenous caspase inhibitors [134] . The second one, resembling what was observed in the case of Factor VIIa, concerns caspase-9 where it was shown that removal of the activation sequence linking the heavy and light subunit is not necessary nor sufficient for activation as both the zymogen and the cleaved caspase-9 possess catalytic activities [135] . Furthermore, in a case rarely encountered, removal of the proregion is not accomplished in the activated caspase-9 molecule; both of these characteristics point to the fact that caspase-9 activation is highly dependant upon co-factor or activator binding. The third one concerns the role of the proregions of the executioner caspases (caspase-3,9 and 7) as it was shown that neither the activity nor the rate of activation of caspase-3 is influenced by the short proregion raising the question of what is its role [136] . Lastly, it has been recently reported that a unique and rare post-translational protein modification, namely nitrosylation, could play a role in the activation of caspase-3. Indeed, Mannick et al [137] have shown that the active site cys in zymogen caspase-3 is nitrosylated and that in addition to cleavage into active subunits, this residue needs to be denitrosylated for caspase-3 functioning.
III.2. ADAMS Family: an Array of Diverse Functions with a Commensurate High Number of Members
An ADAM protein can be simplistically described as a protein incorporating a series of domain each having its distinct structure and properties, Thus, one can find in succession starting from the N-terminus and in a protein of total length of ca. 750 residues, a proregion, a metalloprotease, a disintegrin, cysteine-rich, epidermal growth factor-like and, if membrane-bound, a transmembrane and a cytosolic domain. Furthermore, each one of these domains is involved in a specific function pertaining to proteolysis, adhesion, signaling and fusion events. The peptidase domain falls in the adamalysin/reprolysin subfamily of metzincin peptidase family [138] [139] [140] . At the time of writing, 29 cDNAs encoding ADAM have been sequenced but, of this number, only 17 would appear to encode fully functional peptidases. Hence, only this number is proposed to possess the necessary attributes for functioning as Zinc-metallopeptidases, in particular, by possessing the family signature of HEXGHXXGXXHD of the active site. These enzymes, globally, are involved in the release of numerous membrane-bound factors such as, for example, tumor necrosis factor by ADAM-17, Delta, a Notch ligand. by ADAM-10 and heparin-binding epidermal-growth factor-like growth factor by ADAM-9 [139] . In most cases though, the actual substrates recognized and cleaved by ADAMs remain to be identified. In addition of sharing an active site sequence, these enzymes also appear to share similar mechanism of activation which requires removal of the proregion. [6] . As previously mentioned, members of this family share with those belonging to the MMPs (see below) a protective mechanism namely a cysteine switch [39] as shown in the case of ADAM-12. In the latter, it was conclusively shown that chemical modification and/or mutagenesis of the proregion reactive Cys will result in its failure to interact with the Zinc in the active site and ultimately will lead to enzymatic activity even in the presence of the proregion [39] . Furthermore, removal of the proregion does not appear to be autocatalytic as an active site mutant is still correctly processed [141] hence pointing to possible activation by other peptidases [141, 142] . Furthermore, this proregion cleavage, contrary to MMPs, appears to be an early event occurring well before the enzyme is secreted and/or is presented at the surface. Interestingly, in keeping with functions already ascribed to proregions in other families, the ADAM-12 proregion is absolutely essential for proper secretion as a direct consequence of the proregion role in folding of active enzyme. A certainly worthy question raised by the proregion roles so far defined for ADAM-12 is why is this proregion so long (179 residues) when compared to the 82 residues of MMP-3. The latter acts in a similar manner whereby the proregion Cys binds to the Zinc in the active site, the cysteine switch, and the whole proregion renders the active site unaccessible though shielding [123] .
Not included in the ADAM members above described, there also exists a further group of rapidly expanding number and importance namely these related peptidases in which a disintegrin-like domain is linked to 1 to many thrombospondin type-1 modules, collectively known as ADAM-TS [143] . Following the first successful cloning of ADAM-TS1 in 1997 [144] , the number of ADAM-TS has increased to 11 members even though most be considered by analogy to receptors as orphan peptidases (10 sequences have been published at this date); the last two ones being ADAM-TS9 [145] and ADAM-TS12 [146] . In keeping with their sequence relatedness to ADAM, these enzymes possess a proregion which contains the Cys involved in the switch mechanism as well as cleavage sites necessary for removal of the proregion by activating peptidases such as furin. Indeed, furin involvement had been proposed in activating some ADAMs and might be very well involved in activating ADAM-TS1 [147] . Furthermore, ADAM-TS8 has also been shown to be processed by removal of the proregion but also to even lower molecular weight forms [148] . Due to the recent discovery of these peptidases, little is known concerning their activation and the role of prodomain, but given their tissue distribution as well as their selective expression in development and their involvement in various pathologies, this aspect surely represents an active field.
proelastase, the proregion remains attached to the catalytic domain through a disulfide bridge with no obvious interference in the peptidase activity. In this case, the proregion can be seen as entirely responsible of retaining the active peptidase to the membrane as it is acting as a tether. It is worth mentioning that a recent review article on hepsin has been published [157] and also review the perplexing results obtained during studies with an hepsin knock-out murine model [158] .
III.4. Matrix Metalloproteases (MMPs)
Matrix metalloproteases (MMPs) or matrixins are synthesized as zymogens which, in the case of soluble matrixins, are secreted (8 members) while other members of the family remains bound to the cell surface through a transmembrane anchor (9 members often named as MTMMPs) [159, 160] . In addition, members of the matrixin family are often further classified according to the substrate recognized as being of the collagenase, gelatinase, stromelysin or membrane-bound. It can be argued that they should not be in the context of the present review discussed herein since two crystal structures, those of proMMP-2 (72 kDa gelatinase A) and proMMP-3 (stromelysin 1) have been reported (Table 1 , [91, 123] . However, there exist good reasons to do so as with the rapid increase of the number of family members as well as the composite nature of their structure, a feature shared with ADAMs and ADAMs-TS, will surely yield novel information concerning their activation. In terms of molecular organization, matrilysin (MMP-7) is surely the simplest structure as it contains solely a typical Zinc-peptidase domain preceded by a proregion and a signal peptide. Many members (MMP-1, 3, 8, 10, 12,13, 18, 19, 20 and 22) contain a C-terminal hemopexin-like domain whereas other members contain fibronectin-like, vitronectin-like Cys and Pro-rich domain and HL-1 receptor like domains. Of particular interest is the fact that membrane-bound MMPs, and also MMP-3 (stromelysin), all possess a sequence RX(K/R)R at the extreme C-terminus of the proregion, a sequence which represents a hallmark for cleavage by the ubiquitously distributed convertase furin (see last section). Actually, it has been shown that indeed stromelysin [161, 162] as well as MT1-MMP [163, 164] can be cleaved intracellularly by furin, a result well in line with the fact that MT1-MMP is expressed on the cell surface as an active entity [164] . However, there still exists considerable controversy surrounding this possible activation step as a furinindependant pathway MT1-MMP has been described [165] and further the zymogen form of MT1-MMP has been reported to possess intrinsic enzymatic activity [166, 167] . To complicate the matter further, progelatinase A (MMP-2) which does not possess a typical furin cleavage site but do possess further upstream of this site a RXXR sequence in common with all MMPs except MMP-12 and MMP-7, was recently shown to be processed by furin [168] . Similarly, depending on the identity of the matrixins, the role of the proregion as an intramolecular chaperone could be widely different. Indeed, with stromelysin, the proregion does not appear to play any significant role in protein folding, a role imparted to a second Zinc-binding site [169] . On the other hand, a proregion mediated folding of the peptidase, as well
III.3. Type II Transmembrane Serine Proteases, Serine Peptidases with Novel Features
When we thought that chymotrypsin and/or trypsin-like enzymes were confined to roles in digestive processes and in circulation, a completely novel family emerged characterized by the presence of a transmembrane segment as well as other domains now recognized as type II transmembrane serine proteases or TTSPs for short (reviewed in [149] ). All molecules share the same basic architecture namely a short cytosolic segment, a classical transmembrane segment (except maybe in the case of enterokinase, a classical misnomer, more appropriately known as enteropeptidase [150] ), a segment of variable length encoding or not various structural domains such as frizzled, LDL receptor class A, CUB, SEA or MAM domain, a proregion and at the extreme C-terminus a catalytic Ser peptidase. Following the early cloning of the first member, hepsin, present in the liver and hepatic cells [151] , the total number of recognized mammalian members now totaled 17 including the long sought after pro-atrial natriuretic factor (ANF) activating protease, corin, [152, 153] . In addition to sharing the catalytic triad of the chymotrypsin-like enzymes, all TTSPs are synthesized as inactive zymogen which in all likelihood are activated once embedded in the membrane by activating proteases which remain in most cases to be identified. However, one can not dismiss the fact that some or all members of this family could also autoactivate. Indeed, upon expression, mutant forms of mouse hepsin as well as human MT-SP1 (matriplase or epithin) are able to autoactivate [154, 155] . However, whether this observation can be generalized remains to be established as, for example, the proregion of enteropeptidase, in addition to playing a role in cellular targeting, is poorly cleaved by autocatalysis [156] . Another unique aspect of TTSP activation resides in the fact that, as mentioned before for chymotrypsinogen and as successful trafficking to the cell surface, has been advocated for MT1-MMP wherein it was demonstrated much in common with subtilisin family members that addition in trans of the proregion leads to expression of proregiondeleted peptidase [170] . Nevertheless, activation of MMPs all required proteolytic cleavages within the bait regions of the proregion and subsequent release of the Cys-Zn switch [171] ; this activation can proceed through other peptidases or even through various agents such as thiol-reactive compounds, reactive oxygen and denaturants. However, this picture appears to be far from realistic as activation of MMPs can require other participants as aptly described in the case of the activation of gelatinase A which needs in addition to activated MT1-MMP the presence of a natural endogenous inhibitor, a tissue-derived inhibitor of matrix peptidases (TIMP-2). This results in the formation of a ternary complex where TIMP-2 is bound to the hemopexin domain of collagenase-2 which can be subsequently activated by MT1-MMP [172] [173] [174] [175] . Hence, upon formation of the complex, MT1-MMP is able to cleave the gelatinase A proregion in the bait region and this event is quickly followed by a second cleavage through autoproteolysis in order to release the functional enzyme [176] . Finally, it is worh noting that MMPs are part of the larger metzincsin family which also comprises reprolysins, serralysins and astacins which also include Meprin [177] . However, while they share the Cys-Zn switch with reprolysins (ADAM family), this feature is absent in meprin and astacins (for example, a Cys residue is completely absent in meprin α-subunit). Hence the basis for peptidase latency in these peptidases is clearly different than for MMPs and ADAMs. It has been proposed that, in the presence of the proregion, some critically important hydrogen bonds found in the active enzyme specially those mediated by the first two amino acids in the mature chain, cannot form hence keeping the enzymes in a quiescent state [178] . Thus, as already mentioned, even within families there exists a diversity in proregion roles and functioning.
residues within the structure of the catalytic domain [184] . This observation is based on sequence comparison between the aligned sequence of memapsin 2 and its close relative pepsinogen. As in the case of aspartyl protease, the proregion blocks the entrance to the active site (see section 2.2). However, it has been reported that the expressed recombinant pro-memapsin 2 is enzymatically active as this enzyme does not appear to autoactivate contrary to the acid-promoted autoactivation of digestive aspartyl peptidases [185, 186] . However, similarly to what is observed in the case of the gastrincsin 2 intermediate [84] , the active site could exist in three states namely fully closed (the proregion preventing access to the active site), partially open (in analogy to pH exposure of the pepsinogen active site) and fully open (by proteolytic removal of the proregion) following full removal of the proregion. According to this proposal [184] , the Nterminal Glu-33 would truly represent an intermediate on its way to full activation hence resembling the gastrincsin2 structure; however, it must be said that cleavages prior the Glu33 and the one prior to Gly45 were obtained in studies using various trypsin-like enzymes such as clostripain, kallikrein and trypsin. Nevertheless, the most often observed form of recombinantly produced enzyme clearly corresponds to a cleavage at a sequence characterized by an RXXR sequence just preceding Glu-33. It has been shown that this cleavage happens very early on upon the transit of the protein from the endoplasmic reticulum to the plasma membrane and that this cleavage could very well be mediated by a known convertase namely furin [185] [186] [187] . Hence such a cleavage would account for the recognized N-terminal sequence starting at Glu33. Finally, it must also be said that the proregion, contrary to what is observed in the case of, for example, cathepsin D, has minimal inhibitory activity but, on the other hand, it appears to be playing an important role in terms of protein folding [186] . Indeed, similarly to what is observed for subtilisin and α-lytic protease, it is able to promote correct refolding when added in trans. However, to complicate the issue of β-APP processing, an homologue of memapsin 2, named memapsin 1, has been cloned [190] [191] [192] and it has been proposed that it could very well be a second β-secretase. The peptidase is produced as a zymogen and the proregion removal is accomplished by cleavage at a Leu-Ala junction [193] . Contrary to memapsin 2, this proteolytic cleavage is accomplished in the endoplasmic reticulum/early Golgi in an entirely autocatalytic fashion [194] whereas as above discussed, activation of memapsin 2 is accomplished in the trans-Golgi by another enzyme. Similarly to the previous, it appears that the proregion does not have inhibitory action but might be necessary for proper folding. Hence, this is yet another example of proregions where roles other than inhibition of enzymatic activity are important for expression of an active peptidase and that, even in closely related peptidases, the activation mechanism can be altogether different.
III.5. An Interesting Aspartyl Peptidase which is Membrane-Bound (Memapsin 2)
Many of the recently emerging members and families are membrane-bound as was mentioned in previous sections. There are surely numerous other enzymes which rightfully deserve to be discussed herein but, at least, one merits a particular attention on two accounts. Firstly, memapsin 2 (membrane-anchored aspartic protease of the pepsin family, also known as β-secretase or BACE) is an aspartyl protease which is located in cellular membranes. Secondly this enzyme has been implicated in the pathogenesis of Alzheimer's disease by being responsible for the cleavage of the β-amyloid precursor. Indicative of the importance of this peptidase is the fact that 5 separate groups were almost simultaneously able to decipher the nucleotide sequence [179] [180] [181] [182] [183] . The 501 residues long memapsin 2 contains a 21 residues signal peptide immediately followed by a short 24 residues prodomain preceding the pepsin-related catalytic domain followed by a transmembrane region and a very short cytosolic tail. It is very interesting to note that, though the N-terminal sequence of active memapsin 2 was firmly established as starting at Glu occupying position 33, it has been proposed that the proregion might further extend by 16
IV. A CASE-STUDY: PROPROTEIN CONVERTASE PROREGIONS
After more than 20 years following the hypothesis according to which polypeptide homones and biologically active peptides were synthesized as larger molecular weight precursors which are subsequently cleaved at pairs of basic amino acids, the nature and identity of the peptidases responsible were finally obtained in the early 1990s. Actually, this unrelented search for converting enzymes yielded an entirely new family of eukaryotic enzymes known as the proprotein convertases (PC) or a family of subtilisinlike calcium dependent serine peptidases. Thus, seven members are known so far and include PC1 (also called PC3), PC2, PC4, PC5 (also called PC6), PC7 (also called SPC7, PC8 or LPC), furin and PACE4 and all prefer to cleave at basic amino acids in various sequence context (reviewed in [195] [196] [197] [198] . They are functionally and structurally related to a yeast enzyme Kex2p or kexin and together they belong to the subtilase family (reviewed in [199] ). Furthermore, another enzyme not cleaving at basic residues but much more so at Leu residues in the context of an R/KXXL sequence has been identified as SKI-1 (subtilisin-kexin-isozyme) or S1P [200, 201] . All these enzymes are first synthesized as zymogen with a N-terminal proregion varying in length from 81 residues for furin to 104 for PC7. They differ mostly by the composition of Cterminal tail which contains various domains or regions, altogether absent in the prototypical subtilisin, such as a homo-B or P-domain whose role is of paramount importance for activity [202] , Ser/Thr-rich, Cys-rich, amphipatic and transmembrane regions. They also differ by their localizations and even by their sites of action, for example PC1/3 and PC2 are secretory granules resident peptidases with acidic pH optimum within the regulated pathway of secretion whereas furin is active thoughout the constitutive secretory pathway. Furthermore, furin can process precursors and protein in a variety of compartments such as the transGolgi network, the endosomes, the cell surface and even possibly, upon shedding, extracellular [203] .
solution structure in the absence of the cognate enzymes except, very recently, in the case of PC1/3 proregion [205] . This solution structure determined by NMR closely follows the one described for subtilisin-BPN' notably in terms of loops, β-sheets and α-helices but was notably determined in the absence of the peptidase. This property is not shared with the proregion of subtilisin BPN' which adopts its structure upon interacting with the enzyme. In this context though, it must be said that a C-terminal helix (α2) structure exists in solution for the synthetic 24 residues peptide corresponding to the PC7 proregion C-terminus [206] . The other important conserved aspect of PCs proregion concern the preservation of another basic amino acids containing sequence in the center of the proregion (though this region is not readily apparent in PC7). Again, in a similar fashion to subtilases proregions, this sequence offers a suitable cleavage site termed secondary for the PCs to get rid of the proregions.
Following the study of furin activation [114] , it was readily apparent that activation of PCs followed very closely the mechanism illustrated in Fig. (2) namely that it involved an initial cleavage at the primary site followed by cleavage at the secondary site. This is required due to the potent inhibition brought about by the proregion which after the initial cleavage, remains attached through non-covalent interactions with the enzyme. This is known also for the prototypical kexin [118] but also for the Schizosaccharomyces pombe kexin homolog [207] . Indeed, we have shown that the proregion of PC1/3 is both a potent (K i = 6 nM) and tight-binding inhibitor [115] . Using a similar approach, with iodosobenzoic acid cleaved proPC2, we obtained a fragment encompassing positions 1 to 105 hence containing the whole proregion. Upon incubation with CHO-produced PC2 (a gift from Iris Lindberg, LSU, [208] ), this segment is able to inhibit the enzyme in an identical fashion to what we observed with the PC1/3 proregion when assayed with PC1/3 (Fig. (4) ). Similarly, PC7 was also potently inhibited in trans by its recombinant bacterial proregion which also displayed selectivity against other convertases [117] . Furthermore, we have shown that the proPC1/3 region also potently inhibits furin but not so PC2; in the last case it is behaving as a competitive inhibitor with much diminished K i . This result agrees entirely with the ability of PC1/3 and furin proregions to interchange with each other [209] but not with the proPC2 region. Indeed, PC2 not only requires its own proregion [210] but also the presence of another protein namely 7B2 [211] which was shown to interact closely with proPC2 and is mandatory for efficient expression [212] . As can be seen it appears that. actually, proPC2 activation mostly occuring in secretory granules is quite unique as it requires low pHs and the presence of 7B2. In addition, contrary to other PCs, it appears that cleavage at the secondary site is not required for effective removal of the proregion from PC2 [116] . This is surely an unexpected result considering the observed potent (nM range) inhibiton of PC2 activity when the proPC2 fragment is added in trans (Fig (4) ). Finally, similarly to the use of papaya proteinase IV proregion [59] , it was shown that vaccinia virus encoded proregions of PC7 and furin can inhibit through transient expression the ex vivo processing of biologically active peptides through inhibition of intracellular PCs [117] .
IV.1. Proregions as Inhibitor of Proprotein Convertases
At the same time that PC cDNAs structure were established and due to their obvious relatedness both functionally and structurally to the subtilase family members, it was reasoned that PC proregions could function as intramolecular chaperone as well as endogenous inhibitors. Based on these predictions, it was hypothesized that similarly to already mentioned examples such as subtilisin BPN', subtilisin E, α-lytic protease, aqualysin or cathepsin D, these proregions would exhibit inhibition constants in the order of 10 -7 to 10 -11 . However, sequencewise, when one compared PC proregions to each other, similarly to what was observed with procathepsins, one cannot fail to notice the low degree of sequence conservation. Indeed, they share 30-67% residues identity between each other [196, 197] . However, one can see some conserved regions especially the C-terminal segment always ending with PCs preferred substrate specificity namely pairs of basic amino acids as well as an absolute conservation of 8 residues. Moreover, similar comparison at the secondary structure levels, allows one to predict that they would share a very closely related fold with a structure consisting of three β sheets and two α-helices in the order β1-β2-α1-β3-α2 [204] . On the other hand, numerous efforts using for example bacterially expressed proregions have failed so far to demonstrate that PC proregions are able to adopt a stable Fig. (4) . In vitro inhibition of recombinant PC2 by a proPC2 containing peptide.
Progress curves of enzymatic activity of recombinant CHO-mPC2 (kindly made available by Dr Iris Lindberg, Louisiana State University, New Orleans, USA) as measured using a fluorogenic substrate, pGlu-Arg-Thr-Lys-Arg-MCA (100µM), in the presence from top to bottom increasing amounts (pmole level) of purified proPC2 fragment encompassing positions 1 to 105 of the proPC2 in the presence of 5mM Ca ++ and at pH 5.5. The proregion fragment was obtained following isolation of the complete proPC2 molecule from inclusion bodies of baculovirus infected insect cells, chemically cleaved following Trp residues by iodosobenzoic acid and purified chromatographically as done similarly in the case of proPC1/3 [115] .
Similarly to studies done on cathepsin proregions, it was also demonstrated that synthetic fragments encompassing the C-terminus of the proregion, as long as they possess the Cterminal basic residues [114] [115] [116] [117] [118] , were potent inhibitors. Indeed, studies done on synthetic peptides representing Cterminal segments of proPC1/3 proregion, especially region 50-83, yielded potent in vitro inhibitors [212] . Furthermore, comparison of peptides representing proPC1/3 proregion 50-83 and 74-83 indicates that they can inhibit PC1/3 activity with K i in the nM range but they nevertheless differ by their mode of inhibition. Indeed, proPC1/3 74-83 is a competitive inhibitor whereas the proPC1/3 50-83 behaves as a noncompetitive inhibitor hinting that indeed this segment could interact at another site in addition to the active site (Basak, A. and Lazure, C., unpublished results). In the same vein, furin and PC7 proregions derived peptides were shown to be potent and to exhibit selectivity when assayed with different PCs [116] , In particular the 24 C-terminal amino acids proPC7 peptide inhibits PC7 enzymatic activity in pure competitive manner with a K i of 7 nM [206] . Similar results were also described in the case of convertase SKI-1 or S1P. Whereas it appears that the S1P proregion is cleaved within the endoplasmic reticulum at multiple sites, synthetic proregion derived peptides are able to efficiently inhibit S1P activity in vitro [214] . Similarly, peptidic substrates derived from the proregion were also used in order to study S1P proregion cleavages [214, 215] . On the other hand, as further evidence that activation of proPC2 is different than the one of other PCs, synthetic peptides even including one representing proPC2 positions 54-84 are micromolar inhibitors of PC2 [116] . In conclusion, it appears that complete proregions and/or fragments thereof can be used to selectively and potently inhibit PCs enzymatic activities and this even intracellularly.
IV.2. Proregions: Intramolecular Chaperone of Proprotein Convertases and other Roles
The evidence surrounding the role of PC proregions is at the moment circumstancial in the sense that no crystallographic structure of either the catalytic domain and/or its complex with the proregion is available nor was there direct studies like those above described with subtilisins, aimed at addressing the issue. Actually, the only direct study with PC2, contrary to much expectation, proved rather inconclusive as following extensive or partial denaturation, it was not possible to detect, upon renaturation in the presence of proPC2 and even in the presence of 7B2, any recovery of enzymatic activity [116] . Possible explanations have been put forward namely that PC2 folding is a complex process that might require other as yet unidentified factors or that the inability to refold in vitro may be due to the large size of the convertase when compared to subtilisins. On the other hand, due to the high resemblance in terms of inhibition and relatedness to subtilisin as well as the absolute necessity for the proregion for efficient expression of PCs, it can readily be envisioned that proregions play a significant role in PC folding. Furthermore, this involvement was demonstrated in the past through site-directed mutagenesis of certain key proregion residues; these mutants in general never made it out of the endoplasmic reticulum [216, 217] . [2] Leung, D., Abbenante, G., Fairlie, D.P. Interestingly, as observed with other subtilases, proregions can often exhibit other roles than as an inhibitor and an intramolecular chaperone, the proregion of PC2 has been proposed to play an important role in targeting this enzyme in the regulated pathway of secretion. Indeed, it was shown that the proregion contains a transferable aggregation and membrane binding sequence [206, 218] . This result was recently further documented by the use of a synthetic peptide corresponding to residues 45-84 of proPC2. This peptide was able, as the complete proPC2 molecule, to associate with membranes in a pH and Ca ++ manner. Further, this peptide was able to prevent interactions of proPC2 in a dosedependant manner to membranes [219] . This association would implicate a lipid component of the membrane which, ultimately would be responsible for its proper sorting to secretory granules. It would surely be of interest to determine whether the same role can be ascribed to the proregion of PC1/3 as these two are the main secretory granules convertases. [14] Babé, L.M., Craik, C.S., Cell 1997, 91 , 427-430.
V. CONCLUSIONS
In the introduction, it was mentioned that a plethora of peptidases will emerge form the analysis of genome and with it an array of endogenous inhibitors to control their activities. At this time, it appears evident that one must consider that various modes of action and ways to control peptidase activity will follow suit. In turn, years to come by unraveling these mechanisms should lead to a much improved understanding of the interactions between peptidases and inhibitors but may be more importantly so in terms of protein-protein interactions. In that sense, it is revealing that most of the emerging families of peptidases belong to the membrane peptidases and are controlled and/or part of intriguing complex formation. So to the question whether "do we still have to study proregions and peptidases?" the answer can only be definitely yes as there is much still to be understand.
